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Abstract

The access to fast measurements, i.e. ∆t ≈ 100 µs, of the ions and the electrons during an entire
edge localized cycle (ELM) revealed asymmetries in the recovery of the maximum edge gradients. Dif-
ferent magnetic fluctuations are found to correlate with the saturation of the edge ion temperature
(Ti), electrons temperature (Te) and density (ne) gradients. In particular, while ∇Ti and ∇ne clamp
roughly 3.0 ms after the ELM-crash together with the onset of mid-frequency (f . 50 kHz) magnetic
fluctuations, ∇Te recovers to the pre-ELM conditions only after 7.0 ms and saturates with the appear-
ance of high frequency fluctuations (f ≈ 200 kHz). Two hypotheses for the delayed recovery of ∇Te are
discussed: the onset and the suppression of electron temperature gradient modes (ETGs) qualitatively
follow the requirements of an increased electron heat transport. However, gyro-kinetic simulations are
necessary to quantify the impact of ETGs. On the other hand, the impact of the neutral ionization
during the density build-up as an electron energy loss channel is measured to be small compared to
the total electron energy. The dominant terms in the electron energy balance are instead the radiative
power and the ion-electron heat exchange.

Keywords:

1. Introduction

The fusion performance of any future reactor is
closely related to the pressure at the top of the
pedestal [1]. In the high confinement mode (H-
mode), however, the edge localized mode (ELM)
limits the growth of the pedestal by periodic re-
laxations of the steep gradient at the edge of the
plasma. Moreover, the energy and particle fluxes
flushed to the plasma facing components during

Email address: marco.cavedon@ipp.mpg.de (M.
Cavedon)

ELMs pose one of the most serious technical chal-
lenges for future devices. For these reasons, ELMs
have been an active subject of research since the
discovery of the H-mode [2].

While the peeling-ballooning theory is success-
fully employed to describe the stability limit of
the pedestal [3], the prediction of the evolution of
the pedestal shape (height and width) in between
ELMs, the so-called inter-ELM phase, needs ad-
ditional constraints. Gyro-kinetic simulations in-
dicate that the pre-ELM pedestal conditions are
unstable with respect to several micro-instabilities
of which micro tearing modes (MTMs) and ki-
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netic ballooning modes (KBMs) are the dominant
instabilities [4, 5, 6]. The onset of the latter is
employed to limit the maximum achievable pres-
sure gradient in the EPED model [7]. However, in
the inter-ELM profile recovery other instabilities
come into play, such as electron temperature gra-
dient (ETG) modes and trapped electron modes
(TEM) [8].

Several tokamaks reported on the rise of den-
sity and magnetic fluctuations during the pedestal
recovery [9, 10, 11]. Their high frequency com-
ponent correlates with the clamping of the max-
imum electron pressure gradient suggesting a
KBM nature [9]. However, their existence at the
high field side indicates a non-ballooning behav-
ior [10]. At the same time, a good agreement
is found by comparing experimentally determined
toroidal mode numbers and non-linear MHD sim-
ulations during the ELM [12].

In this work, the evolution of the ion temper-
ature and impurity flows during the ELM cycle
are analyzed. These parameters are often miss-
ing in ELM studies due to the demanding di-
agnostic requirements. By means of ultra-fast
charge exchange (CX) measurements, the study
in [13] could be extended to different impurity
species. Comparison to magnetic probe measure-
ments shows a correlation between the profile be-
haviour of ions and electrons and the onset of
magnetic fluctuations (see section 2). Further-
more, two hypotheses are discussed for the de-
layed recovery of the electron temperature gra-
dient ∇Te and compared to the electron density
∇ne and ion temperature gradient ∇Ti [13, 14].
To this end, interpretative transport simulations
are designed to quantify the energy sources and
sinks during the ELM-recovery (section 3). Fi-
nally, the conclusions and the outlook are given
in section 4.

2. Correlating the recovery of the ion and
electron profiles to magnetic fluctua-
tions

ELM-resolved electron temperature and den-
sity profiles are routinely measured in several ma-
chines [15, 16, 17, 14], while information on the
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Figure 1: Timetraces of a reference discharge: (a) neutral
beam input power, (b) outer midplane plasma position,
(c) line average edge density, (d) helium seeding rate, (e)
ELM frequency (the red crosses indicate the ELM selected
for the synchronization).

ion and flow profiles are often not accessible. Re-
cent developments of fast CX systems allow sub-
ms measurements of the edge ion temperature,
impurity flows and, via the radial force balance
equations, of the E×B velocity, vE×B [18, 19].
These are of particular interest given the con-
nection between vE×B and the pedestal forma-
tion [20] and of the Ti/Te ratio on the pedestal
stability [21]. ELM-resolved ion and electron tem-
perature measurements revealed asymmetries be-
tween the e- and i-channels during the ELM-crash
and the recovery [13]. At the ELM-crash, the ion
temperature in the vicinity of the separatrix in-
creases such that Ti/Te ≈ 5 [22] indicating that
the parallel ion heat transport is not negligible
and can be comparable to that of the electrons in
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the SOL [23]. Furthermore, the recovery of ∇Ti
after the ELM-crash appears to be faster than the
one of∇Te and on the same time scale as∇ne [13].
Finally, the radial electric field Er = vE×B · B
drops to typical L-mode like values at the ELM-
crash and it recovers to the pre-ELM conditions
on the same time scales as ∇ne and ∇Ti.

Comparing the ion and electron profiles to the
magnetic data reveals a correlation between the
evolution of the ion and electron gradients and
the onset of magnetic fluctuations. Several dis-
charges were designed to obtain detailed profiles
at the edge of the plasma at the lowest ELM fre-
quency possible to better separate the recovery
phases. This has been achieved with high trian-
gularity discharges, at a toroidal field of −2.5 T,
plasma current of 0.8 MA and with an input power
just above the L-H power threshold but sufficient
for type-I ELMs [24]. Figure 1 shows the time
traces of the total neutral input power PNI (a),
the outer midplane plasma position Rout (b), the
line average density ne,edge (c), the applied helium
gas puff ΓHe (d), and the ELM frequency fELM (e)
for the reference discharge. The helium puffs are
necessary to increase the signal to noise ratio for
the fast CX measurements, e.g. at a time resolu-
tion of 100 µs. A plasma phase has been selected
for the analysis in which the input power and den-
sity are constant (figures 1a and 1c). During this
time window, the plasma has been swept radially
to increase the radial coverage of the edge diag-
nostics (figure 1b). The resulting ELM frequency
is about 40 Hz (figure 1d) which offers long inter-
ELM phases, ideal for the analysis of the profile
recovery. In figure 1d the red crosses indicate the
31 ELMs used for the following analysis. The se-
lection is based on the maximum cross-correlation
of the divertor shunt current Idiv of a reference
ELM with the other ELMs in the time window.
An arbitrary threshold on the cross-correlation of
0.98 has been used to select ELMs whose induced
divertor current are similar. The synchronized
Idiv is shown in figure 2g. Note that the syn-
chronization procedure introduces scatter which
depends on the specific temporal resolution of a
signal. In this work, the electron and ion diag-
nostics are sampled at a time resolution of 100 µs

Figure 2: Comparison of the magnetic fluctuations
with the profile gradient recovery (all the signals are
ELM-synchronized): (a) Spectrogram of an outer mid-
plane BAL-coil, (b) max(−∇Ti), (c) max(−∇Te), (d)

max(−∇ne), (e) max(−Er), (f) max(−vHe2+

pol ), and (g)
Idiv.
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Figure 3: ELM-synchronized poloidal velocity profiles of He2+ (a), B5+ (b) and N7+ (c). Note that the data are taken
in different discharges with different seeding conditions and ELM frequencies.

which results in an uncertainty of 300 µs due to
possible mis-synchronization of a single frame. To
avoid confusion, all the measurements presented
later are re-binned to this time resolution.

Following the analysis procedure described in
[13], the ELM-synchronized maximum gradients
of Ti, Te and ne are shown in figures 2b, 2c and
2d, respectively. Moreover, the minimum of the
radial electric field, determined from the radial
force balance for He2+, is presented in figure 2e
and the maximum of the poloidal velocity of the
fully ionized helium vHe2+

pol is shown in figure 2f.
The divertor shunt current Idiv is used as a ref-
erence signal for the synchronization (fig. 2g).
The profile gradients are compared to the ELM-
synchronized spectrogram from a toroidal bal-
looning pick-up (BAL-) coil placed at the outer
midplane (figure 2a). The spectrogram shows the
typical pattern as described in [10, 12]: at the
ELM crash a strong broadband magnetic activity
is observed (t ∈ [0, 1.5] ms) followed by a quiet
phase (t ∈ [1.5, 3.0] ms). Between roughly 3.0
and 7.0 ms magnetic activity with frequency up
to 50 kHz re-appears. This is then replaced, af-
ter 7 ms, by fluctuations with dominant frequency
around 180 kHz and several other distinct fre-
quencies. The high frequency magnetic fluctua-
tions can get weaker before the ELM (t < 0 ms)
as already observed in [12]. Note that the quiet
phase between 1.5 and 3.0 ms coincides with the

recovery of∇Ti, ∇ne and Er (see red shaded area)
to the pre-ELM values while the reestablishment
of ∇Te lasts until the onset of the high frequency
fluctuations at t = 7 ms (see gray shaded area).
According to the relation presented in [10], the
pre-ELM value of the edge radial electric field
(≈ −30 kV/m, fig. 2e) is consistent with the dom-
inant magnetic fluctuation frequency of 180 kHz
suggesting that the observed modes have the same
nature.

The minimum of the He2+ poloidal velocity (fig.
2e) is first decreased by the ELM, then recovers
and becomes even larger than the pre-ELM value
for a short time. This has been observed before in
[13]. Note that the poloidal velocity of a plasma
species α is a critical contribution in the radial
force balance since it is multiplied by the toroidal
field Btor:

Er =
∇r(nαTα)

eZαnα
+ vtor,αBpol − vpol,αBtor (1)

In the edge of ASDEX Upgrade (AUG) the
toroidal velocity vtor,α is small [25], therefore vpol,α

is the dominant contribution for medium- to high-
Z species because the diamagnetic term, i.e. the
first term in the eq. (1), is divided by the charge
Zα. In the case of He2+, both the diamagnetic
and the poloidal velocity contribution are impor-
tant for the determination of Er. Therefore, the
spin-up in vpol,α is not necessarily reflected in
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the reconstruction of Er. In figure 3, the ELM-
synchronized poloidal velocity of He2+ (a), B5+

(b) and N7+ (c) are compared. The poloidal ve-
locity of B5+ and of N7+ do not exhibit the same
spin-up as vHe2+

pol , consistent with the Er measure-
ments because for Zα = 5, 7, Er is approximately
−vpol,αBtor. However, the measurements of the
different poloidal velocities are obtained in differ-
ent conditions and time resolutions. Namely, the
use of nitrogen seeding increases fELM [26, 27] and
hence a match of the ELM-cycle duration with
the reference case was not possible. Furthermore,
fast CX measurements, i.e. ∆t ≈ 100 µs, were
only possible in discharges with He and N seeding
while an exposure time of 2.3 ms has been em-
ployed when measuring boron. This is because
external seeding of B2H6 at the time and the in-
trinsic B leads to a limited signal.

The asymmetry in the time scales of the ELM-
recovery of the ion and electron maximum tem-
perature gradients has been first observed in [13]
and confirmed in [28] by means of main ion CX
measurements. Note that this also implies a good
thermalization of the impurity. On the other
hand, the different behavior of electrons and ions
is puzzling. The delay in the recovery of ∇Te
must be due to either an enhanced electron heat
transport, an additional energy loss or a combina-
tion of both. In particular, the possible effect of
electron temperature gradient modes (ETGs) as
electron heat transport mechanism or the effect of
neutrals as energy loss are discussed in the next
section.

3. On the delayed recovery of the electron
temperature gradient

In this section, two possible mechanisms for the
delayed recovery of ∇Te are examined: electron
temperature gradient modes (ETGs), and neutral
ionization.

3.1. Electron temperature gradient modes

Electron temperature gradient modes are elec-
trostatic instabilities which induce radial electron
heat losses and hence are a possible candidate
for the enhanced transport. A critical gradient
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Figure 4: (a): Pre-ELM (−4 ms < t < −2 ms) edge profile
of the (R/LTe)crit terms in equation (2). (b): Evolution
of R/LTe

(black) and (R/LTe
)crit (green) during an ELM

cycle at ρpol = 0.993.

formula for the destabilization of the ETG has
been derived from gyro-kinetic simulations in the
core [29] and was extended to the edge [6]. If
R/LTe > (R/LTe)crit then ETGs are destabilized,
where (R/LTe)crit is

(R/LTe)crit = max


A = (1 + τ)(1.33 + 1.91ŝ/q)·

(1− 1.5ε)[1 + 0.3ε(dκ/dε)]

B = 1.2 ·R/Lne

(2)
and τ = (1 + ZeffTe/Ti), ŝ is the magnetic shear,
q is the safety factor, ε is the inverse aspect ra-
tio, and κ is the elongation of the magnetic sur-
face. In figure 4a the profiles of A and B (see
equation (2)) are shown. Given the strong ∇ne
present at the edge, the term B is largely domi-
nating the ETG stabilization as already pointed
out in [6]. Hence, by comparing R/LTe (black)
and (R/LTe)crit ≈ 1.2 · R/Lne (green) in figure
4b at ρpol = 0.993, i.e. in the steep gradient
region, the existence of ETGs can be judged.
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Right after the ELM-crash until roughly 2.5 ms,
R/LTe > (R/LTe)crit suggesting that ETGs could
be active in this phase. After that, due to the
recovery of ∇ne, R/LTe ≈ (R/LTe)crit which in-
dicates that the ETGs are suppressed. Note that
the possible presence of ETGs in this phase is con-
sistent with the reduced activity in the magnetics
(see figure 2a). However, while the ETG activity
is roughly consistent with the observation of ad-
ditional transport delaying the recovery of ∇Te,
ETGs should extend longer than ≈ 2.5 ms to re-
produce the evolution in figure 2 in which ∇Te is
fully recovered only 7 ms after the ELM-crash. On
the other hand, equation (2) gives an indication
of the relative strength of the ETGs since their
onset is smooth [30, 31]. Hence, ETGs are prob-
ably still present when ∇Te is close to (R/LTe)crit

but it is not clear yet how much of the total elec-
tron heat transport is actually induced by ETGs
themselves. To access this point, dedicated gyro-
kinetic simulations including data from ions and
electrons are foreseen.

3.2. Neutral ionization

Another possible mechanism which could de-
lay the recovery of ∇Te is the energy lost in the
ionization of the neutrals. Due to the strong den-
sity build up in the initial ELM-recovery phase,
a large amount of neutrals needs to be ionized.
To compare this loss channel to the other en-
ergy sinks and sources, transport simulations have
been performed using the 1.5D transport code AS-
TRA [32, 33]. The results are presented in the
following section.

Transport simulations generally solve a system
of 1D diffusion equations, similar to the one de-
rived in [34], for densities and temperatures of dif-
ferent plasma species. A variety of other modules
are used to describe, for instance, auxiliary heat-
ing, MHD stability, current drive etc. Here, the
neutral puff module of ASTRA is used to mea-
sure the loss of electron energy due to atomic
processes during the ELM-recovery. By giving as
input the measured density and temperature pro-
files together with the neutral influx ΓN , radiative
power and auxiliary heating power , it is possible
to determine the sources and sinks of the ion Pi
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Figure 5: Modelled electron energy components during the
ELM-recovery as defined in equations (3) at ρpol = 0.993
for respectively ΓN = 3.3× 1021 atoms/s (a) and ΓN =
1.6× 1022 atoms/s (b).

and electron Pe energies. These are defined as
follows:

Pe = Poh + P aux
e − Pei − PRAD

e − PN
e (3)

Pi = P aux
i + Pei − PN

i (4)

where Poh is the ohmic power, P aux
e and P aux

i is
the auxiliary ion and electron heating, Pei is the
electron-ion heat exchange, PRAD

e is the power
lost for radiation, PN

e and PN
i are the sum of the

losses due to atomic processes (ionization, recom-
bination, and charge exchange for the ions). By
comparing PN

e with the total Pe, the relative im-
pact of atomic processes on the electron energy
can be determined thus giving an idea if such
losses could potentially affect the recovery of∇Te.
However, since the neutral fluxes are basically un-
known within roughly two orders of magnitude
(ΓN ≈ 1020−1022 atoms/s), a scan in ΓN needs to
be performed which, for simplicity, has been kept
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constant during the ELM-recovery. Furthermore,
the particle convection v at the plasma edge has
been set to zero and only cold neutrals are consid-
ered at the energy of dissociated Franck-Condon
neutrals of roughly 2.5 eV. A more consistent ap-
proach would be to perform predictive simulations
of ne by imposing different sets of particle diffu-
sion coefficient D, ΓN and v, similarly to what
was done in [35]. The interpretative simulations
have been carried out on the discharge analyzed
in [13] which had higher input power (5 MW) and
consequently higher ELM-frequency (f ≈ 80 Hz)
compared to the one shown in section 2.

Figure 5a and 5b show the single terms in
equation (3) at ρpol = 0.993 for respectively
ΓN = 3.3× 1021 atoms/s and 1.6× 1022 atoms/s.
In the case of ΓN = 3.3× 1021 atoms/s (figure
5a) PN

e (violet) is roughly a factor 50 smaller
than Pe (black) and hence negligible. Since
PN
e ∼ ΓN , even by going to the extreme case of

ΓN = 1.6× 1022 atoms/s, the energy losses due to
atomic processes remain too small to really affect
the electron energy balance. Note that the ohmic
(green) and the auxiliary (blue) heating contri-
butions are also very small at these radial posi-
tions. On the other hand, the energy exchange
between electrons and ions Pei (orange) is the
dominating term of Pe together with the radiation
(red). PRAD

e is kept constant during the entire
ELM-cycle because an ELM-synchronized decon-
volution of the bolometer measurements was too
uncertain to be used. Pei, instead, peaks right
after the ELM-crash when, close to the separa-
trix, Ti � Te. After that, Ti gets close to Te and
slightly rises until the next ELM crash [13] and
so does Pei since Te stays roughly constant at the
separatrix. Note that Pei enters in the electron en-
ergy balance (equation (3)) with a negative sign
and if Ti > Te, as in this case, Pei positively con-
tributes to the total electron energy. The trend
of Pei after the ELM-crash is reminiscent of the
recovery of ∇Te and might be one of the key pa-
rameters to understand the asymmetry between
ion and electron temperature recovery. Note that,
however, the local sinks and sources at the edge
are much smaller than the energy flux arriving
from the core plasma. Hence, the local dynam-

ics might be strongly influenced by the transport
further inside the plasma.

4. Summary and Outlook

Sub-ms measurements of the ion temperature
and the impurity flows reveal a different time scale
for the recovery of the maximum gradient of the
ion and electron temperatures. The maximum of
∇Ti and of ∇ne saturate roughly 3 ms after the
ELM-crash together with the onset of mid fre-
quency magnetic fluctuations (f < 50 kHz) while
∇Te is recovered to the pre-ELM values only af-
ter 7.0 ms simultaneously with the establishment
of high frequency fluctuations (f = 180 kHz).
Transport simulations show that the local energy
sink due to atomic processes is negligible com-
pared to the radiation loss and the ion-electron
coupling. The trend of the latter resembles the re-
covery of ∇Te while ELM-resolved radiation pro-
files might be possible in the future. Finally, the
destabilization of the electron temperature gradi-
ent modes is shown to quantitatively describe the
enhanced electron energy transport required for
delaying the recovery of ∇Te. However, a quan-
titative estimation of ETGs impact on the to-
tal heat transport requires dedicated gyro-kinetic
simulations.
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